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ABSTRACT

Pot assium alkali metal thermal-to-electric
converter (K-AMTIX)  cells utili?.ing  potassium p“-
alumina solid electrolyte (K-IIASIi)  are predicted to have
i reproved prope,riies for thermal to electric conversion at
somewhat lower ternpcrat  ures than sodium AM ‘1’ECs
because of potassium’s higher sat uraled vapor prc,ssurc  at
lower temperatures. A potassium AM’I’BC  cell was
operated, confirming the expeded  in]provcmmt in
opcratiorr at the rather low tempcrat ure of about 7SOK.
Potassium vapor ele..trochcmieal cells were operated, and
the results confirmed the high conductivity of K-RASH
ceramic at AM ‘1’}iC  opcrat ing ternpcrat urcs.  An i mprovd
preparation of K-BASE  ceramic from sodium O“ alumina
solid eJw.trolyte  (Na-BASli) ceramic resulted in a
slrongcr c.e,ramic and high tcmpe.rature c.mductivity CIOSC

to that of Na-BASIi. I’he conductivity of samples of K-
IIASI  i prepared by two methods were compared with
respect  to tempcrat ure and t im dcpendcncc following
exposure to 1.0 Pa potassium pressure at 1200 K for 500
hours. I’his test procedure is an accelerated life test of
the. eldrolytc, since K-BAS1 i may be expected  to be
useLl at 900-1100 K range for K-AM’I’XS. q’he results
show a short pc,riod of conductivity dex.rtxwe, followed
by a very slow increase in conductivity. Measurements
we.rti performed at intermediate temperatures below 1100
K over the course of a 2500 hour test. Measurements up
to 1370 K were carried out rapidly, with the highest
temperature maintained for only several minutes. Rapid
potassium diffusion on clean Mo surfaces at ‘1’>  700K is
indicaled by limiting currents from electrochemical
mc.asurcmcnts.

]N”I’RO1)lJCTION  ml) IIACK(~?_OIJNl)

“l’he principal tcehnical  hurdle to development of
a  potassiun~-bad alkali metal thermal-to-electric
convert m (K -AMTI  W) capable of producing hi@ power
density while maintaining an acceptable high conversion
efficiency is a high quality potassium p“-alumina  solid
electrolyte. ceramic (K-IIASF,).  We have conducted an
invest igat ion in order to prepare dense K-BAS1  L ceramic
and evaluate its ionic conductivity, electrochemical
behavior, thermochemical propcrt ies, and mechanical
propcrt ies, and to de.monst rate rrperat  ion of a potassium
AM’I’IIC. g’his paper presents ionic conductivity and

electrochemistry of K-BASE; with improved strmgth  and
reduced porosity, and reports a K-AM’J’IiC  test.

“l’he princiJ~les of AMTliC  device operation in
general have hem  discussed in detail, espczially with
respect to cell eledroehemistry  and basic systems
model ing. ‘1*1 Potassium has hem  shown to provide. a,.
significant advantage over sdium  in AM”l’IiC power
conversion devices as potassium has a higher vapor
pressure compared with sodium. Sodium is the working
fluid in AMTI K systems currently being operated and
developed.’9 11]

Potassium is expected to give superior
performance in AM’I’IG  below about 1100K and to be
the. only viable working fluid in AM’1’liCs  for which
high efficiency ope.rat  ion at temq>craturm bet wem 900K
and 1000K is required. I’he variation of the ratio of the
vapor pressures of K to Na varies from about 70 at 373
K to about 2.5 at 1200 K. Transport 10SSCS in AM’1’liC
cells are due to pressure gradients which are proportional
to the cdl’s current ctcnsit y. ‘1’hcse pressure drops arc
added to the. condenser pressure, increasing the, cold side
pressure., reducing the cell’s Ncrnst voltage, which is
proportional to log of the pressure ratio across the
I] ASIi. ‘J’he moclel for kinetics in AM’J’FIC  electrodes
indic.ate.s that exchange  currents for K should be greater
than those for Na by the square root of the ratio of their
vapor pressures. 18’ ‘I’he ionic conductivity of K-DASE  up
to 12.30K  is close, to that of Na-BAS1i.1121

Potassium p“-alumina  is a thermodynamically
stable phase at the temperatures at which a potassium
AM-ll X2 would be most useful (800K  to 11 OOK).111)141
1 lowcver, the upper tcmpcrat  ure stabi 1 it y range is not
known, but is generall  y thought to be lower than that of
sodium fl”-alumina,  especially by comparison with the
stabili A forms of the latter which include Li + or
various small divalemt cations such as Mg2+ incorporated
into the. “spincl  bk)ck”  of the crystal structure in order to
stabilim  the structure. Most work with potassium
aluminate phases has investigated the sin]plcr  ternary K-
Al-O $ and little work on spinel block stabilimd materials
has bczn reported. “1 ‘he tempcra[ure regime at which
potassium bctaw-alunlina becomes unstable with respect
to loss of KZO is within the range of temperatures
( 1400K to 2000K) at which more traditional ceramic
forming processes would otherwise be ut ilimd for a
material as refractory as K-DASIi, however KJO loss
may only rwflw.t instability at low KZO activity levels.
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K-BASl~  with improved ionic conductivity and
greater mechanical strength was prepared by ion
cxchansc  from lithium stabilized sodium Cm-alumina
solid electrolyte ceramic (Na-IIASE) obtained from
Ceramctw.. ‘l’he exchange technique was a nmdificat  ion
of that of Crosbie and Tcnnenhousc.  ‘l’hey  exchanged K”
for Na’ using KC1 vapor at about 1413K without
fracturing t h e  ~eranlic.[131  The K20 a c t i v i t y  w a s
maintainrxl  by surrounding the sample with K-BASIi
powder, and carrying out the cxchangc under air with
potassium chloride vapor at temperatures up to 1625K.
“1’his method for preparation of dense, strong, single
phase K-BASE  was used to excbangc a 29.4 cm long. Na-
RASE tube and tube sections by KU  cxchangc at a
tcnlperature  of 16(K)K under  K-IIASII  powder  in air
atmosphere. I>ime.nsional  and mass changes were
charactcriml and were consistent with full exchange of
potassium for sodium. Samples were also prepared by
Crosbic  and ‘1’enncnhouse’s  technique for comparison.

K-BASE powders were prcparexl either from
aqueous polymeric oxalates of K, Mg, and Al; or from
hydrated oxides obtained by hydrolysis of organic
solu(ions of the three metal alkoxide.s. [ lsln Fine precursor
powders were converted to K-BASE  by heating to
132SK. K-BASIi  were also made. from mixtures of
KAIO~, M.gA120d, and A120J hwted  for brief periods at
1875K <T< 1975 K.[181

] ;Iectrochemical  charactcrimtion  was carried out
using two and four electrode mcasuremcmts  of samples in
potassium vapor in order to characterize the ionic
conductivity of the K-IIASI~  eledrolytc.  Iwo probe
measurements were carried out in a potassium vapor test
CC1l, to charactcrim  the clcctmdc/electrolyte kinetics and
K transpmt  through the porous Mo electrode. In that test
potassium pressure was controlled separately from tbc
test sample by an independent heater. 3’WO samples of
solid electrolyte ceramic are held in a high tcllipcrature
mm, and are contacted by fcmr leads to at least four thin
film electrodes. I’he tcmpcrat ures of both the. sarnplcs of
the electrolyte as WCI1 as the liquid metal reservoir am
monitored by shielded thermocouples.

~k:SLJI,TS AN1)  DISC~JSSION

‘l’he. test results c.ontirm that the ceramic can he.
cxchangcd and stabilized with respect to K20 loss by the
KC1 cxcbange at temperatures UJJ to at least 1625 K. An
air atmosphere helped inhibit mass loss from the ceramic
during exchange. Higher ceramic c.onductivit y,
microcracking  of the. ceramic, and KJO loss competing
with e.xchangc have apparently been eliminated.
1 mprovcd conductivity ics in the K-DASIi ceramic also am
confirmed. Two exchanges were generally required for

a complete or very C1OSC to complete exchange,
c}laracte.rimd by a >4 % mass inc.reasc and a linear
expansion of about 1 %.

When K+ for Na” exchange takes place in B“-
alumina ccrarnic.s, the result is an increase in the c/a
ratio of the lattice constants and resultant stresses and
microfractures within the ceramic body. When the ion
exchange, is carried out at sufficiently high temperature
to enable creep in the ceramic to compensate for stresses
Scncrated during exchange, the reaction must also be
performed under controlled K~O activity to prevent its
loss from tbc ceramic. ‘l’he failure strengths of small
rectan~ular ceramic K-BASE and Na-IIASli  sections and
rings were measured. Our results agree well with Crosbie
and Tcnncnhousc’s  results for similar .samplcs, except
that our measurement technique for very small samples
gave larger scatter, I’hc new preparation technique yields
a K-BAS1  i ccl-arnic which is significantly stronger than
that  prepared by KCI vapor cxc.hangc at lower
temperature, and in sornc cases stronger than the Na-
IIASIi starting material.

Scanning };lectron Microscopy (SIiM),  Energy
Dispersive Analysis (IHX),  and X-Ray  Diffraction
(XRD)  were USCXI to analyzfi  K-IIASIi samples. ‘1’hc.sc
techniques confirmed the. c.he.rnical composition and
indicated that K-BASE ceramics prepared by both KC]
e.xchangc techniques were composed of a $“ phase
without detectable B phase. K-BASE;  powders were
found to be rnixturcs  of potassium B“- and B- alumina
with K/Al ratios as high as 1 /3, by SEM-EDS and XRD.
Sodium and potmsium B/B” phases with Na/Al and
K/Al ratios as high as 1/3 have km reported as ternary
phases, without stabili T,ing ions, prepared by
decomposition o f  a l k a l i  anlmonium  tris(oxalato)
aluminate precursors at temperatures as low as 1325 K
by l’akahashi  and co-workers ‘1617’,  with the sodium
material consisting of major fractions c)f both J? and P“
crystal phases, while the potassium material consisted of
prwlonlinately  the p crystal phase with traces of the B“
crystal phase, Crystal morphology observed via SEM
could be correlated with the phases present by XRD and
the composition by IiDS. The phase purity of flu/B
mixtures was evaluated on the basis of several moderate
to stron~ XRI} peaks of each phase which are weak or
abscmt in the diffraction patterns of the other phase,
discussed by Schtnid .[(91

A tube section prepared by KCI exchange under
K-IIASIi powder and air atnmspbcre at 1625K, and a
section prepared at 1325K by KCI exchange in vacuum
were each sputter-coated with four Mo elcz(rodcs,  and
used in assembly of a potassium vapor exposure cell to
de.te.rminc  the. high temperature conductivity of the



electrolyte from four-probe d .c. and a.c. conductivity
‘m] Ionic. conductivitic.smcasurcmcn[s in potassium vapor.

were measured to > 1300K; the ceramic prepared hy the
new tewhniquc  has a concluctivi(y on the order of 40%
hig,her than that of the ceramic from the old preparative
mute..  Fig.  1 shows three sets of four probe conductivity
data taken with the cxtcrna]  pair of clcctrodcs serving as
current leads and the internal pair as voltage scnsirrg
electrodes. No cover gas was used and the potassium
pressure was fairly low, so the potassium atom mean free
path in the vapor was very large and wc did not cxpwt
significant perturbation from ohmic hchavior with
relatively small c.urrcnts. The resporrsc  was linear
inclicrrting ohmic behavior. Four probe AC in~Jwdancc
taken with the sarnc clcctrodc  arrangcrncnt was nwasurcd
at a modulation amplitude of 20 nlV, and the low
fmqucncy intcrccpt was used to determine the total
sample resistance. Exce.llc.nt agrwmc.nt  w a s  f o u n d
bctwccn AC and DC techniques at higher tcrnpcraturcs,
where the vapor test cell is hcst suited to conductivity
measurements. q’hc high tcn~J~crature. conductivity data
were corrected for cell gcomct ry, and arc present cd in
kig.  2. I“hc effect of the improved higher temperature
exchange under air and K20 rich K-BAS}~  (circles and
diamonds) compared with the cxchangc carried out at
about 1470 K in KC] vapor uncle.r vacuum is to increase
the magnitude of the conductivity and also to incrcasc
the aJ>parcnt  activation energy slightly. Fig. 3 shows the
variation of conductivity y at 1000K following sample
exJwsurcs  to low pressure potassium vapor at 1200K
over a total of 500 hours. l~ng test lifetime serves to
evaluate the stability and t i mc dependence, of
conductivity of K-IIASI~ at elevated tempe,raturc  in a
potassium vaJwr environrncnt.
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Both kinetics and transJwrt of the potassium
vapor/porous hio clectrodc/K-BASIi  CCII are. quite fast in
the upper oJwrating  tcrnpcraturc  regirnc. of an AM’J’EC,
nlakinS precise rneasureme.nt  of these quant it ics difficult,
[jtlt susgcsting t}~at K-BAS}{ Ah41’I;C devices may }Iavc



cxccplionally low e.lectrochcmical losses.  I’ransport
limitations can be evaluated from limiting currents of
current -voltage curves. It is important to rcc0gni7c  that
the limiting current is exhibited by the anode, which
takes in potassium vapor and oxidims it to potassium
ions at the three phase interface between the K-BASE,
the. Mo electrode, and the low pressure potassium vapor.
In an AMTIiC cell, transport does not usually give rise
to a limiting current as the anode is generally a liquid
alkali metal anode which has negligible losses at
tcmperat urcs great cr than about 725K. ’21] “1’ransporl  losses
do occur for alkali metal vapor flowing ou( of the
cathode, which is the low pressure electrode in an
AMTI iC cell. It is a reasonable assumption that at
similar pmsurcs,  transport will be equally fae.itc in
either dirmtion.  One difference is that in an AMTI;C
cathode, the reaction site is the site of highest alkali
metal vapor pressure on the low pressure side of the
elect rolytc, while at an anode in a vapor cell, the alkali
metal vapor pressure is greater on the exterior than at the
reaction site. If alkali diffusion is activated and its rate
depends, for example, on surface. coverage, the two cases
will give different transport losses. Surface transpml  of
K atoms on the Mo electrode is implicated, and is
cxpectcd  to be somewhat faster for potassium than for
sodium on nml ybdenum  .’DH] At lower electrode
temperatures, the limiting current region is reached at
low volts.gcs, and current increases linearly with a
greatly reduced slope. Because higher voltages could not
be used, as discussed below, current-voltage curves were
extrapolated to a current limiting regime at higher
voltage assuming the shape of the current voltage cur-ws
to be similar, when significant curvature remained near
4.0 V. As a result, the derived values of G and the
diffusion coefficient may be expmtcd to be most accurate
at lower electrode tcrnperaturcs.  G is a parameter
describing electrode porosity, which is mo for
electrodes with no resistance to vapor transport. ]f G is
about 100, as l’ound for K on Mo at 900K, acceptable
transport losses occur. I’hc best electrodes have values of
G 1W1OW about 20, and may be exploited to give optimal
performance in AMTEC cells where other transport
losses are not large. Mo electrodes give a value of G = 10
at about 10SOK. Fig. 4 shows the derived diffusion
coefficients for potassium diffus ion thmu~h the
elcctrodc. Recausc  the n~olybdenum  electrodes cm the.
improve~l K-IIASI”i sample were initially about 0.3-0.4
Pm thick, they bccamc discontinuous after operation at
elevated temperature, as grain si7e incrcascd  to about 1.0
gm diameter. Comparison of the limiting currents with
those on the. sec.onci sample,, which remained  c.ont inuous,
su~gested that about 4 % of the, sample remained
clectr~l~ci)~ically  active. Slihf examination indicated that
about 1 %1 of the electrode was cent inuous, apparent I y
below the nmlybdcnum screen contacts. Wc calculate the.
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cliffusion  coefficients assuming that the geometric
average,  2%,  of the electrode is ac.tivc, with an
uncertainty factor of two. Derivation of the diffusion
coefficient uses an electrode thickness of 1.0 pm, which
is the approximate Mo grain size after several hundred
hours at 1200K. I’hc results are expected to depend
somewhat on the. ambient alkali rnctal vapor pressure.
Average potassium pressures that are very low give
anomalously high limiting currents, but the pool exists
in a temperature gradient and some wicking to higher
tempt.rature regions may occur. Fairly uniform pool
tcmpcrat  urcs were obtained at about 450-475 K; at
significantly higher temperatures, the evaporation rate
may cause, dry out of the hottest region of the liquid
potassium pool. Irig. 4 gives diffusion coefficients
obtained with a fairly high pool temperatures so that the
evaporation rate. will be fairly high, ‘but a tcnqwrature
graclicnt across the pool of <20 K could be maintained.
q’hc result is that we must not ascribe too much accuracy
to the ab.so]ute  va]u~s  of  the derived diffusion
cocfficicnts,  but we may expect that their temperature
dependence, for a potassium pool maintained at nearly
constant temperature, should reflect the activation energy
of the transport process fairly well.

Voltages higher than about 4.2 V could not be
used, because under the experimental conditions of low
potassium vapor pressure at high temperature, tbcrc is
Iittlc to hinder excitation of a plasma discbargc. Fig. S
shows this effect bctwemr  two nominally isolated leads,
with a very small current below 4.0 V and a rapidly
increasing current above the ionizfition potential of
atomic. potassium in the vapor, 4.318 V.[m Fig. 6 shows
the. current -volta~c curve for two e]ec.trodcs  to S.0 V,



with rapid current increase at the potassium ionization
pokntirrl. This effect is important to applications of
series connected AM3’ECS; in general, series connected
CC.IIS  should not excccd  4.0 V for potassium AM’I’l;CS  or
5.0 V for sodium AM”I’ECS,  unless it can k assurul  that
there are no possible vapor discharge. pathway bet wecm
CCIIS with potential differences greater than these values.
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The K-RASE  tube, prepared as described above,
was successfully bra7d to a niobium tube transition,
with ‘I’i  CuNi filler metal, to a small stainless steal
flange. l’he. tube was sput tcrexl with mol ybdcnum thin
film electrodes for an potassium AM”l”IW test.

“l’he cell was operated at a nominal temperature
of 687 K (at the bottom of the heater well), and one
current-voltage curve, shown in F’ig.  7, of a 14.4 cni2
electrode at an rxtimatcd tenqwrature of 725-750 K was
obtained, with an open circuit voltage of 0.6 volts, short
circuit current of 2.5 anlJ}s and a total power of 0.3
watts. I’his performance is modest, but substantially
better than the performance of a comparable sodium
AM’1’EC cdl at this low temperature. I’he sodium cell
would have a higher open circuit voltage, but current and
power densities would be significantly lower at this
temperature.  }]owcver,  this was an early-in-life
nmlybdcnrrm  electrode, probably containing substantial
quantities of KzMcrOd, which we would expect to be a
fairly good ionic conductor at elevated temperature. This
p}lasc might persist for viable operation lifetimes at
lower cell temperatures, as it is higher melting and
slightly less volatile than Na2MoOq. }Iased on the. remits
from both AMTEC  and vapor cell tests, we would
anticipate 1.0 prn thick mo]ybdenrrm electrodes to be
very useful at 900K <1’< 1100K in potassium AMTBCs
and nlolybdcnum electrodes will not sintcr to a diameter
exceeding 0.5 Pm within periods of years at the lower
tcrnpcrat  ures.

CQNCI.lJSIONS

Two low temperature mutes to nearly phase
pure K-IIASIi  (or Na-BASIi)  have been demonstrated and
characterimd.  While not directly sinterwl to dense
ceramics except for microscopic areas, this material is
useful in ion exchange via ceramic tiring at controlled
K20 activity and in potassium metal purification.

We have demonstrated high temperature direct
synthesis from aluminates which increases density of K-
llASfi. This technique could potentially provide high
density ceramic with further refinement. Our results
gymcrally confirm those. of Schhfer  and Weppner,
although we did not achieve as high a ceramic density .[ig’

Based on improved understanding of the
tcrnpcrat ure and K20 stabilit y regime  of K-beta “-alumina,
the exchange process of Crosbie.  and l’cnocnhousc  was
improved by carrying out the exchange. at a higher
temperature, with better control “of KZO activity. I’he.
resulting ceramic shows the appropriate, weight gain of
about 4.5 %, after exchange, shows only a small
anomalous volume expansion ( <1 $%) over the expected
volume e.xl)amsioo duc to  incrcasc in  t}[c l a t t i c e



pa~ame,ters.  I’hc new exchange method has several
advantages w a route to high quality K-BASE. Any item
fabricated from Na-}lASl;  can be exchanged with no loss
in strength and no structural dis[ortim  other than a linear
expansion of -1 %. Ns-J3ASF. ceramic. ftibrication is
highly developed, so that high quality K-BASD  ceramics
could readily be fabricated. The 1600K exchange mule
gives K-RASP;  with the highest  measured ionic
conductivity (close to that of Na-BASli), the highest
measured failure strength for this material, and the.
lowest porosity, and with the phase.  purity equal to that
of the starting Na-BASli. A potassium AMTliC  cell
constructed using this K-BASE  was run briefly with
positive results.

I’hc electrochemistry of mature. (oxide  free)
molybdenum electrodes on K-BASE  in a potassium vapor
a(mosphcre has been characterize. Iior the

approximately 1.0 pm thick electrode, held at 1200K for
7 2  h o u r s  to remove ‘2M004?  potassi~ml  transport

exhibited an activated diffusion coefficient over 800-1200
K. lnterfacial  kinetics were fast enough not to bc readily
sepamted  from the dominating ionic resistance of the
ekztrolytc.  These nwasureme.nts,  and the fllldalllellt~l

model for the exchange current in AM”I’EC electrodes,
suggest  that exchange currents in potassium cells exccml
those in soclium cells.
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